The stability of type 2 dengue virus to exposure to a variety of laboratory conditions was determined. Suckling mouse brain passage virus was adapted for growth in BHK-21 cells, and plaque assays were performed using a tragacanth gum overlay. A three-to fourfold increase in plaque size could be obtained if monolayers were subconfluent at time of inoculation. Incubation of virus for 24 h at 370C, pH 6.5, or in buffer containing 1 mM ethylenediaminetetraacetate considerably reduced virus infectivity as compared with virus incubated for the same period at 40C, pH 8.0, or in buffer with or without 1 mM CaCl2 and 1 mM MgCl2. Multiple freezing and thawing of virus in tissue culture medium containing 10% fetal calf serum did not reduce virus infectivity.
Dengue virus (DEN), an arthropod-borne flavivirus, is responsible for benign dengue fever as well as life-threatening dengue hemorrhagic fever and dengue shock syndrome. The virus has been reported to replicate in cell cultures derived from a number of different species (3) (4) (5) (18) (19) (20) (21) (22) , and several techniques for the isolation and serological identification of the virus, as well as laboratory techniques for biochemical studies of the agent, are based upon cell culture methods (1, 2, 4, 6, 10, 16, 22) .
Although conditions for the plaque assay of DEN under agar and starch have been reported (11, (13) (14) (15) 17) , comprehensive and detailed information on the stability of the virus to common cell culture and laboratory environments is limited. The present paper describes the properties of the virus grown in BHK cells and the conditions for use of a tragacanth gum plaque assay which allows for readily discernible plaques. Studies on DEN type 2 (DEN-2) held at temperatures of 4 and 37°C (pH 6 (Fig. IA) , whereas cultures confluent at inoculation produced plaques ranging from 0.5 to 1.5 mm in diameter (Fig. 1B) (Fig. 2) . Maximum titers were found between 36 and 60 h. After 60 h the titer of infectious extracellular virus rapidly decreased.
Stability of infectivity at 4 and 37°C. Since DEN is grown in vertebrate cells in cell culture at or near 37°C and the virus is often stored at 4°C, we examined the effect of these temperatures on survival of infectivity (Fig. 3) . Samples of TCF from virus-infected cells which had been clarified by low-speed centrifugation were placed into small vials and sealed. The vials were held at either 4 Effect of multiple freeze-thaw cycles. DEN isolates are routinely transported and stored at temperatures of -70 to -80°C and are occasionally subjected to several cycles of freezing and thawing. The effect of freezing and thawing cycles on DEN-2 infectivity was examined by assaying virus for infectivity in TCF after several cycles of freezing at -75°C and thawing to 250C. An ampoule containing a thermocouple immersed in TCF was used to monitor temperatures. DEN-2 infectivity was stable under the test conditions. No reduction in titer was noted after one, two, or three cycles of freezing and thawing.
DISCUSSION
The data presented in this paper describe the stability of DEN-2 grown in BHK-21/15 cells under controlled cell culture and laboratory conditions. In our studies, viral infectivity was monitored by plaque assay under a semisolid tragacanth gum overlay not previously described for (13), we noted an appreciably greater range of plaque sizes in cultures which were subconfluent at inoculation when compared with those which were confluent. In a previous study, monkey kidney cell cultures inoculated on day 3 or 24 after transfer showed little difference in plaque titer (14) ; variation in plaque size was not reported. However, given the cell transfer conditions used, it is likely that cultures were confluent on both days 3 and 24. Increased plaque size in the subconfluent cultures may simply reflect the larger size of cells which upon death give rise to larger plaques. Alternatively, the larger plaque size could be the result of a more efficient replication in subconfluent monolayer cells, thereby increasing virus yield per cell, reducing the latent period, or both; however, virus yield did not increase when subconfluent monolayers were used for virus production.
In an attempt to increase virus yield a polycation, polybrene, was added to the virus inoculum at final concentrations of 1, 2, 4, and 6 ytg/ ml. Although polybrene has been shown to enhance yields of lipoprotein-enveloped viruses (7, 21) , no increase in virus titer was noted when the polycation was added to DEN-2 inocula (data not shown).
The growth curve of DEN-2 in BHK-21/15 cells showed release of the virus by 24 h with peak titers between 36 and 60 h postinfection. The pronounced decrease in titer found in the present study between 60 and 84 h postinfection is most likely due to the combined thermal inactivation of virus released into the medium and to the degeneration ofthe cells. The temperature sensitivity study demonstrated a reduction of greater than 3 logio plaque-forming units per ml in 24 h at 37°C (Fig. 2) , so thermal inactivation would account for the decline, assuming that virus replication and release was essentially completed by 60 h. In a previous study DEN-2 titer was reported to decline after 1 h at 37°C, and infectious virus was not detected after 12 h (19) . This rate of inactivation is somewhat greater than that which we observed; however, the previous report did not give experimental conditions, and the more rapid inactivation may have been due to a combination of factors. Nevertheless, the results of both studies suggest that if maximum virus recovery is to be obtained, virus should be harvested at several times after infection prior to the appearance of maximum cytopathic effect and stored at 4 or -70°C.
The infectivity of DEN-2 was found to be dependent upon the pH of the suspension medium when maintained at 4°C for 24 h. The titer decreased as the pH was reduced (Table 1) . This finding points up the importance of maintaining a basic pH when growing and storing the virus. These studies were conducted at 4°C to allow distinction between pH and temperature effects, but the results are undoubtedly applicable to virus released from infected cells at 37°C. It has been previously reported that a variation in pH between 6.6 and 8.6 of the agar overlay in DEN plaque assay had little effect on plaque titer (14) in apparent discrepancy with our findings. However, during plaque formation it is unlikely that virus released from infected cells resides in the matrix medium for periods sufficient to show the pH effects as reported here.
The maintenance of DEN-2 infectivity in solution requires divalent cations, as shown by the dramatic drop in virus titer after incubation in a TBS containing 1 mM ethylenediaminetetraacetate (Table 2) . Since there was little change in infectivity upon suspension in TBS, the divalent cations are probably bound to the virion in a relatively stable manner. The ability of ethylenediaminetetraacetate to reduce infectivity may indicate that those essential divalent cations are probably located in the viral envelope near the virion surface and may function in the stabilization of viral envelope proteins, as recently found for feline leukemia virus (R. K. Durbin and J. S. Manning, submitted for publication). Our data suggest that chelating agents should not be used during isolation or characterization of DEN.
The addition of Mg2' and Ca2" to TBS in which DEN-2 was suspended neither enhanced nor reduced virus infectivity. In two previous studies on DEN plaque formation it was reported that variation in Mg2' and Ca2+ concentrations was without effect (17) or with slight enhancing effect (14) , although the latter may have been due to the inactivating effects of the divalent cations on interfering components in the assay rather than on the virus directly. More recently, the addition of divalent cation to DEN-2-infected Vero cell cultures was reported to result in increased cell-free titers (8; T. Matsumura, V. Stollar, and R. W. Schlesinger, Bacteriol. Proc., p. 190, 1970). The authors suggest that the higher titers recovered from these cultures were due to an enhancement of virus maturation and release. In addition, the enhancing effect was restricted to virus-infected Vero cells and was not observed when infected KB or BHK cells were tested.
It is known that DEN can survive for years when maintained at -70 to -80°C temperatures (3) . When DEN-2 in TCF containing 10% FCS was subjected to three cycles of freezing and thawing there was no detectable change in titer.
Our results indicate that field and laboratory samples of DEN routinely stored in serum-containing fluids at -70°C or lower can be subjected to several cycles of freezing and thawing without deleterious effect on infectivity.
